Abstract: A fiber Fabry-Perot interferometer (FPI) based on a bubble-expanded microcavity is investigated in this paper. Due to the expanded bubble microcavity, the FPI exhibits high strain sensitivity of 30.66 pm=". To the best of our knowledge, such strain sensitivity is three to ten times higher than that of the fiber FPIs based on the microcavities previously reported. The strain response of the FPI with different shapes is analyzed, and the experimental results are consistent with the theoretical analysis.
Introduction
Recent years, optical fiber sensors have been widely investigated due to their unique advantages, such as high sensitivity, small size, high-temperature survivability, immunity to electromagnetic interference [1] - [16] . As an important branch of them, optical fiber strain sensors have been successfully applied in practical measurements. Among the optical fiber strain sensors, the all fiber Mach-Zehnder interferometers (MZIs) [2] - [4] and fiber Bragg gratings (FBGs) [5] are frequently used owing to the simple and cost-effective fabrication processes. However, these two structures as sensors have a common drawback that they are also sensitive to temperature during the strain measurements. Thus, some compensation methods are used to solve the cross-sensitivity of strain and temperature [6] - [8] , which greatly increases the fabricating cost and complexity of demodulation. The Fabry-Perot interferometer formed by fabricating an air-cavity inside a fiber can solve this problem effectively. Due to the air cavity, the thermal sensitivity of these FPIs is low [9] . Many different techniques are presented to manufacture embedded air-cavities, such as femtosecond laser micromachining [10] , [11] , chemical etching [12] , collapsing photonic crystal fiber (PCF) [13] , [14] or splicing a section of hollowcore fiber between two single-mode fibers [15] . However, the strain sensitivities achieved with these fiber FPIs are only comparable to that of FBG-based strain sensors ð$ 1:2 pm="Þ until now.
In this paper, we propose fiber FPI based on a bubble-expanded microcavity constructed by splicing an etched multimode fiber (MMF) to a standard single-mode fiber (SMF). In order to form the structure, a large overlap must be set up during splicing. The configuration of the proposed bubble-expanded microcavity is different from that of the traditional microcavity, and, thus, our FPI exhibit higher strain sensitivity than the FPIs constructed with the traditional microcavity. The entire fabrication process, using only cleaving, wet chemical etching and fusion splicing, are simple and cost-effective. In the experiment, the strain and temperature characteristics of the proposed fiber FPI sensor are investigated. The FPI exhibits a high strain sensitivity of 30.66 pm=" which is almost 30 times higher than the FBG ð$ 1:2 pm="Þ and, to the best of our knowledge, 3-10 times higher than the fiber FPIs based on the microcavities previously reported. The temperature sensitivity of our FPI is low (1.2 pm= C) owing to the air-cavity. Thus, as a temperature-independent high-sensitive strain sensor, it could be practically applied for strain measurement without temperature compensation. Fig. 1(a) and (b) illustrates the fabrication process of the fiber FPI. A piece of MMF is cleaved and then dipped in hydrofluoric acid (HF) for a few minutes. Since the dissolution rate of a germanium (Ge) doped core is higher than a pure silica cladding, a hole is created in the MMF. Then, a standard SMF needs to be spliced to the etched end of the MMF by a commercial fusion splicer (Fujikura FSM-45PM). In order to form a bubble-expanded air-cavity, a large overlap is chosen. As shown in Fig. 1(a) , The etched MMF is placed on the left translation stage of the fusion splicer with a 30 m offset from the center of the arc discharge. During the splicing, the etched MMF on the left translation stage of fusion splicer will be moved to the SMF on the right translation stage and press the air in the hole. As a result, the melting walls of the hole will extend outward, forming the bubble-expanded air-cavity. The 30 m offset is to make the hole locate in the regions of high temperature of the arc as long as possible, and ensures that the hole can be heated enough. Through many experiments, we find that the optimized splicing parameters needed to be chosen and shown in Table 1 . TABLE 1 Optimized splicing parameters of the splicer Fig. 1(c) shows a microscopic image of the bubble-expanded microcavity. The bubbleexpended microcavity which is shown in Fig. 1 (c) can be approximatively treated as an oblate spheroid with size of l Â r , presented in Fig. 1(b) . For comparison, the air-cavity in the fiber FPI ever reported is also shown in Fig. 1(d) . It can be found that the transverse radius of the cavity in this paper is greater than the fiber radius, but the cavity transverse radius in Fig. 1(d) is less than the fiber radius. That is a key element to realize the high strain sensitivity.
Structure and Theoretical Analysis
When the light arrives at the air-cavity, it will be partially reflected by the glass-air interface, and the remaining light is also transmitted into the air-cavity (see Fig. 1(c) ). The transmitted light will be reflected by the air-glass interface back to the SMF core and interfere with the light reflected by the front interface. Due to the low reflectivity of the non-flat surface (less than 4%), multiple reflections can be neglected [13] . Therefore, we can analyze the interference spectrum using the two-beam interference method [10] .
where I 1 and I 2 are the intensities reflected from the both sides of the cavity, n is the refractive index of air, l is the length of the air-cavity, is the optical wavelength in vacuum, and ' 0 represents the initial phase. The optical phase difference between the front reflected light and the rear reflected light can be described as
When the optical phase difference ðÁ'Þ of the two back reflections is ð2m þ 1Þ (where m is an integer), the interference signal reaches its minimum. The wavelength of the interference valley m , from (2), can be expressed as
When l is changed by some external influence like strain, the wavelength shift can be expressed as
where Ál is the change of the air-cavity length. Since the refractive index of the medium inside does not change with strain, the strain can be measured by monitoring the wavelength shift.
To investigate the strain sensitivity of fiber FPI based on the bubble-expanded microcavity and traditional microcavity, the strain-induced Ál of the two structures is analyzed in simulation. Fig. 2 shows the models which are built using the method of finite element analysis. Some important parameters should be set properly and shown in Table 2 . The purple portion represents the fiber and the wall of the bubble which is made of silica, and the cyan portion represents the air cavity. In the simulation, to obtain a fair comparison, the cavity length and glass-wall thickness of two structures are chosen to be same. According to [16] , the pure silica Young's modulus and Poisson's ratio are assumed to be 73.1 Gpa and 0.17, respectively. It is to be noted that all of the models are amplified 100 times to satisfy the tolerance value of the finite element software in the process of modeling.
In the simulation, the models are divided into many grids, as shown in Fig. 2 . When the force is applied, the position parameters of points on the grids will be changed. To obtain the cavity length, two center points at both sides of the cavity are chosen, and the position differences of the two points can be considered as the length of the cavity. When the force is changed from 1N to 5N with a step of 1N, five different groups of position parameters about the two points are written down. Thus, the changes of the cavity length as the function of the force can be calculated, as shown in Fig. 3 . The simulation results indicated that the good linear responses are achieved and the bubble-expanded cavity exhibits larger Ál than traditional cavity under the same forces, as shown in Fig. 3 . From (4), we can find that Á is proportional to Ál so that the bubble-expanded microcavity improves the strain sensitivity of the fiber FPI evidently.
The cavity size and shape of the FPI also plays an important role in the interferometer performance. We assume that the cavity size are l Â r , where l and r are the cavity length and the transversal diameter of the spheroidal cavity, respectively, see Fig. 1(b) . The poisson effect indicates that the axial strain ð" a ¼ l=lÞ will induce the transversal strain ð" t ¼ r =r Þ. According to the analysis in [9] , the wavelength shift ðÁÞ of the oblate spheroidal air-cavity depends on the poisson's ratio ð ¼ À" t =" a Þ which in turn is proportional to r =l. Thus, the wavelength shift ðÁÞ is relation to r =l.
If the oblate spheroidal air-cavity is subjected to an axial strain, the volume ðV Þ of peripheral glass that contains the cavity will have a change ðV Þ, which is fulfilled as [9] Some important simulation parameters for the models Fig. 3 . Ál of the bubble-expanded and traditional air-cavity as functions of force in the simulation.
where E is the Young's modulus of silica and K is the bulk modulus. For our bubble-expanded air-cavity shown in Fig. 1(b) , the volume of peripheral glass which surrounds the air-cavity is the volume of the glass spheroid minus the volume of the air-cavity, which can be expressed as
where h is the thickness of the glass wall, see Fig. 1(b) . By inserting V , V which can be calculated by (6) , and " a ¼ l=l into (5), we can obtain the expression of r =l
The wavelength shift ðÁÞ of the oblate spheroidal air-cavity depends on the poisson's ratio ð ¼ À" t =" a Þ which in turn is proportional to r =l [9] . Equation (7) describes that r =l depends on r and l, which means that Á depends on r and l. A larger r or a smaller l will induce a larger Á. Thus, the strain sensitivity of the FPI in this paper is related to the shape of cavity. To confirm the above analysis, several models with different values of r and l is built using finite element method, as shown in Fig. 4 . Due to the wavelength shift Á is dependent on r and l, we fix the r value to investigate the influence of the cavity length ðlÞ first. As shown in Fig. 4(a) , tively. Through applying constraint conditions and axial forces, the changes of cavity length ðÁlÞ in three models with the axial force are shown in Fig. 5(a) . It can be found that the smaller the value of l is, the larger Ál can be obtained under same axial force. Then, we fix the cavity length ðlÞ to study the influence of the transversal diameter ðr Þ. As shown in Fig. 4(b) , the groups of models have the dimensions of 100 Â 200 m, 100 Â 250 m, 100 Â 300m, respectively. The simulation results show that the larger the value of r is, the larger Ál can be obtained, as shown in Fig. 5(b) . From the above results, we can see that the simulation results of two groups are consistent well with the theoretical analysis.
In addition, the thin wall of our microcavity may improve the strain sensitivity, but we think that it isn't the primary reason which causes the strain sensitivity enhancement. For example, the microcavity proposed in [17] has a very thin wall, but its strain sensitivity is only 6.99 pm=". Moreover, the simulations presented in Fig. 2 also indicate that the strain sensitivity of our microcavity is higher than the traditional microcavity with same glass-wall thickness. Thus, we think that the strain sensitivity enhancement is led by the poisson effect primarily.
Experiment Setup and Discussion
In experiment, the strain responses of three fiber FPIs based on the different bubble-expanded cavity sizes ðl Â r Þ of 80 Â 252 m, 83 Â 221 m, and 110 Â 194 m are investigated. Fig. 6 shows the experimental setup for the strain measurement. Light from a C band optical broadband source (BBS) with wavelength range of 35 nm is used to illuminate the FPI through a 2 Â 2 coupler. The reflection spectrum of the FPI is recorded by an optical spectrum analyzer (OSA) (Yokogawa AQ6370). The FPI is fixed between two translation stages with a distance of 10 cm. The strain is increased gradually with a step of 100 " in the range of 0-600 ". Fig. 7 shows the reflection spectrum at different strain of the FPI whose cavity sizes is 80 Â 252 m, in which a high interference fringe visibility of $15 dB is presented. Fig. 8 shows the wavelength shift as a function of applied strain for three different cavity shapes. The strain sensitivity of the fiber FPI with small l and large r ð80 Â 252 mÞ is 30.66 pm=", and the FPI with large l and small r ð110 Â 194 mÞ exhibits a strain sensitivity of 10.43 pm=", which are consistent with theoretical analysis mentioned above. Such sensitivity (30.66 pm=") is $30 times higher than that of FBG-based strain sensors ð$ 1:2 pm="Þ. According to Fig. 7 , it can be found that the dip of the spectrum moves from 1541 nm to 1560 nm when the strain changes from 0 " to 600 ". Because the optical broadband source we used only covers C band (1530 nm-1560 nm), if the strain is increased continuously, the spectrum can not be obtained accurately when it exceeds 1560 nm. To verify the maximal strain that the FPIs can tolerate, the strain is still increased with the steps of 100 ". When the strain reaches to 1300 ", the bubble with the size of 80 Â 252 m is broken. For the bubble with the size of 110 Â 194 m, the strain can exceed 2500 ". Compared to some FPIs in the references, this kind of the FPIs is fragile. The reason may be due to the thin walls of the cavities when the expanded bubbles form. The temperature response of the fiber FPI is also investigated. The FPI with cavity sizes of 80 Â 252 m exhibits the temperature sensitivity of 1.2 pm= C. The thermal sensitivity of different cavity sizes is listed in the Table 3 . It can be found that the temperature sensitivity has no significant relation with the cavity sizes. Such sensitivity is one order of magnitude lower than that of FBG-based sensors ð$ 10 pm= CÞ. The temperature-induced strain error is only 0.04 "= C, which means that the temperature compensation would not be necessary in some application of strain measurement. A comparison between the fiber FPI based on the microcavities developed in this study and other reports is listed in Table 4 , which indicates the advantages of the fiber FPI based on the bubble-expanded cavity including highest strain sensitivity, lowest temperature-induced strain error and low cost using only standard singlemode fiber and multimode fiber.
Conclusion
In conclusion, a fiber FPI based on the bubble-expanded microcavity is demonstrated for strain and temperature measurements in this paper. The results in simulations and experiments prove that the bubble-expanded structure could enhance the strain sensitivity of the FPI efficiently. Compared to the fiber FPIs bases on the microcavities reported previously, the fiber FPI based on the bubble-expanded cavity exhibits the highest strain sensitivity (30.66 pm=") and low temperature sensitivity (1.2 pm= C). Thus, this kind of fiber FPI can be used as a temperatureindependent ultra-sensitive fiber strain sensor. 
